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(54) Digital servo control for a disk drive 

(57) A servo control apparatus and method are capable 
of controlling the position of a head for recording digital 
data on a disk as recording medium and reading the 
digital data thereon. A digital servo control method 
controls a head driver for moving a head for reading servo 
information to a target track every predetermined 
sampling period in a data storage system using disk 
recording media including the servo information 
indicating a divisional position of a recording area. The 
method comprises the steps of detecting a current track 
position of the head in a current sampling period by 
determining information on a head position on a disk from 
the servo information, determining the current track 
position, an estimated speed in the next sampling period 
for moving to the target track by a control signal input to 
the head driver so that the head can be moved to the 
current track position, and an estimated position track of 
the head in the next sampling period, calculating a track 
interval between the target track and the estimated 
position track, and a target speed to move the head in 
correspondence with the interval, and calculating a 
difference value between the target speed and the 
estimated speed thereby to output a control signal 
corresponding to the difference value to the head driver. 
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1 

sb w * mm-t zf-a?* ^ - ^um^ m ^ & ^ x , 
umm^mmt, ^/^x^^^t^m^t-r^ 

1 BaS«fh*&Pgi:, ^ttSSJt*: f^s/ 

2/^ irJi^SB h7^^ b<D'm<D h7^^y hPfBPHS: 
R by^^v hPflfflKttJSbT B«iS«S:ff* 
t5!2 B 4:, Sr^Ayt?*4»*«llE 

H x. 7t x -f * ^ ^lafili^fls: Srfijffi tSf-^ if « ^B 

ft, #:<z>U-:/:/y ymiT^y KoJt^iB^-9- 



(2) #M±P7 - 1 9 2 4 1 2 

2 

pg^, Jtewsg*, ^msnyt v=7v^wm^mm by 

mm^tifn b? * ?mm&mm b? * ? siT(om&\±tfi 
b7v?mm&m7£<D by^^^y bmm^ 

Sit h7^y HraPBS:ff*"t-4 h7>«!x MB 

S:^2i^-5K^~ KicJi^-ram2^-/K-e- KS^S 

^7^5/ hPflB5WT<7)«^li^5/ K^ett5^4 
<7?{fia^?5 B^ s/^^P*ttaTOfifi7HI 

PfllH£JL_b^*-&(^-^*J»^— KSr^3-^— K 

$iT<om&te±iy b y ^^mi^&mn-tz^v b y >^ 
mfemmkmfciu.wby v?&m7£L>, mfcztbftmfe 

m&RXf&TztiLm b =7 v $ , ^ bTm^E h7s/^HB 

7^3-^5/ b&m%m%wu-t%m2y--yr^-bmi' 

50 BS:*^, ?#^^fcaftffi«>S:t>'tJLHft*JWf-S'^5> % JSk 



3 

A^} J IX e W T ^ ^ ^ b SJflff ^- ^ ^/ K 

Fmmutzxx$nx\,^%&mfflffl{g%-t$L& byv? 10 
m^^h.t^m^iiim by^^tcomco by y^w\m\^.n 

oi^v^y >^mmx(D—^y wt&Mmmt by^^^ 
^(D^iiim t m^hftm&ULU t <om<D b y >^ 

?t^v vmrnm^jftttitiis, mmby^^^ybttm 

v vwm\^n^^ siM^*^, mhnt^Bmmm 
FmW)Wz±f&Mfiv, mmb^^zL-iy bit®. 40 

[§t*gt9] mmby>^~ y bwm&% by^^-^ 

10] Kt»ffi«^9-m-g-WPHAS 2 0 0 P E 

s-efcait*rg4fs*^r : ^ o^/^-^^j^^ 0 
1 1 ] mm^fD^miiLS^^'r^—^m a 



OT¥7- 1 9 2 4 1 2 

4 

<o^ry v<Dmfemj£t&w b y v?%mjE-r%m7£^m. 
t, by tmfe£fLtz.m7£i±LW byy? tco b 

m#ta*^&i:, ^bfflfjssnsr isrwmt-rs^w 

i 3 ] fE«K«^>5>#JffiBSr*-ri^-^W* 

itufE-y— ^ttfg^^^fti^^^y ^^jiM~e^y K^Mi 

^y ^^a»it?(^— ^ Ko*t^fir«^7-m-g-. &xf, 
ztitiiffiyzmm* Mj£i±LW^y-m%-. Rxjm^<-fT 

[0 0 0 1 ] 
[0 0 0 2] 



5 

'^—Y'T 4*9 V74/< (Hard DiskDriver : J^T "H 
DD" ir-TS) I:*5lt5^ v KcQ^SSKo^Tte, 4z<o 

^iS£EBt(-^oT, g£5ft-=E~K (Seek Mode) hY=7V 
^iiSS^E— K (Track Following Mode) CESUT^So 

gg*^e- Ktt i « h 7 y ^ tcPJ^-r 3 h =7 y * n 

[0 0 0 3] IWJ; 5 4HDD^y Kfif (?)SMS 
IS, SSffiHt-SlJ^i"€)*T?^iiftSJ^ (Velocity Con 
trol) -T-iiMTi**^ Saffifttt w ^y-h7y^ (on 
-track) " (7?7ti!s60f5:SSy{flJ (Position Control) "Cil* 

[0 0 0 4] Elite, — JKOHDDtc:*3ft^> h^^/^^ 

I^IU^^^T. Xl*-m#Di*EK. XI— X2t±7£m 
EBB, X 2-X 3tt«i§ERfl£r*U ^UX3lilI 

[0005] El 2 II, Ell i:/TtX 2 —X 3 cdM34EPb1 

2-X2' teSSlMiiERB, X2' ~X3fi^2«3SE 

[0 0 0 6] Kte, El 1 td^i" J; 9CX2-X 

a^EK-r^^^aEM-C^^tT^E— KS:S*-rSo 
r.<Z3Hi^^E~ Ktwjsv^Tfi. X 2— X 3^JS31EMS:J: 
9SfcTL/ci2(7)j: pfr, ^iMigEKT-Stsi^E— 
K/^it£*K l2JSaEBT*l» ; e-K (Transition 
Mode) ^^T^tt^o o^»9, 8!^— KKtt&^e — 
Ktl^- Kt-E^Stb. !fSS (Feedback) 

*MffR£ bT^— = — K (Gray Code) S: 

[0 0 0 7]-*, N7y^jfitS^~ KT-te, -if— tfMt 
fg^LTA. B^<-^ (Po 
sition Error Signal : "PES" b-tZ>) Srfljffl 

[0 0 0 8] w_hco&-e- KtcJS Cfc*JW*-jfetc^*T- 

13, ttfSS (Compensator ) fe^t^iP I D (Proporti 
onal Integral Derivative) ftlfflJSSSrifi/B tt^fc 0 

[0 0 0 9] El 3 li. -r-r^^lE®3£B^*5^T, x-r 

ElffcSo I^EK^^T, y°^>h (Plant ) fi-r^-x 
(Voice Coil Motor : J^T "VCM" k.1rZ>) fr^-to 

[0 0 10] 

Vtbl=K (P,-P r )« 



(4) ^^|ip7- 1 9 2 4 1 2 

6 

(Vtbl : g^iS^, Pf : BMtiLS, P r : mmiiL 
M, K : rb^iSO 

[0 0 11] It^J^mKfiVCMcoADa 
ffi^trj: »C»ate— JKW^O. 5 — 1 COM 

7s//f-y/U (Look-up Table) <E>i§ftfiS £ bT R 
OM (EI^i-H*) tCifa<**LT^5„ 
[0012] WT\ «*^^-^SJW««S:EI 3 Sr#flH 

10 [0 0 13] ^5Kco^-^$y^^^/N- K^Tt^ft 
[0014] 

[»2 ] X = P f -P r 

[0 0 15] ^;<Z)fJL ifS^s/^Ty^T 1 — 
20 lb«E8flX(rjFi|-i-5SSiaSVTB L 2r*#>3 0 -t"#;b*>, 
»»ffi«tXjW££5fc* »tbBE«X^i-SS«jfiafV 

[0016] u*>u ^asv r \±mn. mmfewp 

^^b*feb*L5o U^ot, K^il^- 
e>ns @ngv T BL tmm&&v r ^b&^**3^ 

o^9, »S3li<J:9SiJ»AAuS:||tVCMia*i 

30 atsrepiii-rso 

[001 7 ] 

[f 3] U-K [Vtbl ~V r ] 

[00 18] r<2>^5t3T% KfiS!l»^<7?i4:0lJ^SfcSr^ 

[0 0 19] N 7 5/ ^ igiS^E— K-Cii, A. B^<— 
Ji^PE SSr*^y KS:ISh75/^ (on-track) 
{ri?i/hy^^ (Settling) £it3fc«f|ilJ|$£igiT-r 

40 ^^**4tr j:9Sfysitr*«)bnSo 

[0 0 2 0] 

[»4] u=K P P r -K v V r 

[0 0 2 1 ] C<Di^4 (C:&tt3K P , K v (iSUM^^ 
[0 0 2 2] «±<7?J: 

[0 0 2 3] 
[»5] 



(5) 



mmW-7- 1 9 2 4 1 2 



8 



V,(K)- *(k)-P t <k-l) 

* 3 

[0 0 2 4] Z.<Oi£*<OT s V^PBSr* 

-To r^t£C^5^J:6ft®:ffi^, T S fi*fz.Asfz.As'^c$ < 

[0 0 2 5] (h7 

y*#^§\ PES) t»H^sBSjx-5 3S*«*fct?fll 
J^SiXS^fr^tflS'JSa (Full State Feedback) Srftjfl 

^S**J«?tt«eS:W«tV^ Sfcfc, ^SSftS* (External 
Disturbance) tc£j"r>5 ffifl£#jBk*;£ifea s /«£ V ^CDT\ h 
7 y^igt^^E— K"C^ffir4fc(SKSI (Steady State Erro 

r) <7>«*-rspi^tt^fcSo ^<D£?fj:mmtem y A®\ 

(Integral Controller) Srftffl LtPraSS5^ 

[0 0 2 6] Mz-T, m&*— K^BS{4S^b*fiJ 1 6 
K(DiiAi£S*<6;TSii\ flSSRWFM^«< fc^y 

L<. Lfc^oT h 9 y — Y(0±y h y 

[0 0 2 7] 

[0 0 2 8] 

fiJ^-T^-r— ^ffr»S«T% j^oifv^y ^jg^r 



vvvt t<Dm<o b?^?mm^ftfcLx^ ^ k 
fet-rs^ ui^ e 

[0 0 2 9] 

[oo3o] Bi4ir N &mmz£%T*< 

ufc-r - * at Msa^iasw £ ^ o ^ ^ fi^m -? 

7>ROM (Programable Read Only Memory : EJLT "P 
ROM" k-tZ) 4 0 3 ^ ^^r^^RAM (Stat 
ic Random Access Memory : &IT "SRAM" k't'Z)) 
4 0 5 tl:giSJxtv^ 0 

[0 0 3 1 ] K4 0 7fi^V^^^fE^^4 0 9 

— ^^ScaiXtP^iiSrff 5o VCM (Voice Coil Moto 
r) 4 1 1 flT — ^ (Actuator) K4 0 7 

£tgin£;*V -7 K4 0 7 $rf> ^ ^tt!ESlft4 0 9 
JnTvK^^[p]t;-IEffi)-t-£o ^fyhV^-^ (SpindleM 
otor) 4 1 3 HmteSOftT:?^^— IBtbtttr^ 

[0 0 3 2] VCMlEi5^4 1 5I1VCM4 1 1 
^tlTVCM4 1 1 (DmWjffl'M&ff 5 o D/Ai£tkgg 
(Dagital/Analog Converter) 4 17 fi^-f ^P7 P nt 
30 0 1 £ VCMIESSS4 1 5 ^ 

SirtXT-Txi ^ft^-i^glU VCMiE»5g4 1 5(r[±J 
-e — ^igK]^4 1 9(i^t">K/U^~^4 1 3 
( t^^^u^ p uir-/-y-4 0 1 iZLW^^^h, 2 n^o 

iryi^4 0 l ^f&J^tci: »9 HVL-^e— ^ 4 1 3 <Dgfc 

m$im&ft?o *fg*4 2 1 ii^y K4 0 7 iwgasn 

■g-SrittsLT— s/ K4 0 7{^trJ^-r^ 0 

[0033] >r >?-7xl— ^sapgB4 2 9 ii-^^r ^ 
tyt4oi, ti*§i§4 2 1 , xt>v >-?-7 

U4 2 9\ZLmWit$]rLX$S<9 , v>f^n7 p Dts/t4 0 1 
tCioTlb^ffllWSiX, — ^8154 2 9^b* 

^^§ttT7tP^77^n (Flux) mitm^ 
^^>-3— >^LTti*iaS4 2 1 tzffi^U ^fci@ 

^4 2 1 ^bAA^§7to ^ismm ^-^-rv 

K^t^±i•r , — ^ (Encoded Read Data 



9 

[0 0 3 4] A/D3£$W£ (Analog/Digital Converte 
r) 4 2 5H Wl fctt X => — V s -1 > I/WiA :r. > n — 7" 
-f V^g|5 4 2 3 it, T-^n ^U—- TtfSgffiff 

4 0 1i:!lS^«o y-hTW4 2 7|j:, SEajT 2 ^ — 

0 9 coif— a— K^cD^-tf— tfMfffiS: 

[0 0 3 5] «JK7?«ricir*5l^T, -^^u^ulr^ 10 
4 0 111, WJKST^yXA^jiyo^yA^ 

[0 0 3 6] v^uU— ^ftfiJ^^^o^T 

^5fegte^»<7>&f#-t\ G. F. Franklin^ £3 TDigita 

1 control of Dynamic System (2nd Edition)] t^HfjTFc? 

[0 0 3 7] [HSlCjo^T, K DAC (iD/A^«, K 20 
a»c f*A/D^t&g, Kamp fiS^ifBS h "7 is* Z2 is 
#9 9>>\, KmfiVCMh/U^Sf, l\Xs\*i^ifT 
— AtBtS^E— >- K Ka rm(^^y^7^a, T 

a [RAD/S 2 ] flT^^^-^-^^iPiift. V [R 
AD/S) iiT^^^—^AiS^ X [RAD] f*T 

[0 0 3 8] !!I6^iI]5c0^^io^T^ffl^^^^ffl 

yp^^it^^o :iltl6 x 07, 08ir:}ot^T, 
Pest fi*^^fm$tL7h«^uStt#, V es . fiJt 

[0 0 3 9] lD9fl r^CT^x^f ^^^lE&jffifls:^ h 
7y^iA, B^— ^ hSr^-t"*^— (Servo 40 

Frame) ^teElSE]T*feSo 0 1 0 I* r C0^fJC0*J» 

HoPTO^^y^n-ff - 011 JiBI 1 Oi^jo 
KI SR (Interrupt Service Routine) 

®6i:opT^7a-ft-K 0 1 2J*I3 1 0^*5 
§1^-KI SRig^o^T^)7n-f t ^h, g] 
1 3 JiBIl o^ttS h^y^ilifc*— K I SRiimK: 

a <^ x -< is 9 ^ - mum t^<D~y- mmm ^ 
^^xmfm^mm-t^o 50 



itf^ip7- 1 9 2 4 1 2 

10 

[0 0 4 1 ] £1\ x-f — 2K*JfflJ3Rtro^Tift 

^^>h (Plant : HDD Dynamics) <D^-r /^Sr^HS 
(State Equation) T^-t"<k, WK6Wj;3 

[0 0 4 2] 

me] x (k + i) =<px (k) +ru (k) 
[0043] r\t^=7 is b^m^^-t^ h 

Vy?X (Matrix) T\ X (k) fc^WSt^t h/Ut L 
[0044] 

x( «-lv:] 

(P r : 3IBH£fi, V r : ^Kti««) 

[0 04 5] Z.<0%mMX\±, HKSilSV r £>it3£SM 
£«^£it5fc^^»J*ft>fegS (Prediction Estimate 
r) MltiSMV est £*<£>3 0 0 6tr^:bfc 

[0 04 6] 
[f8] 

X(k+1> 0X(k) + r u (k)+L[y(k)-y(k)] 

[0 04 7] 
[»9] 




[0 0 4 8] ^^T:\ P„ e * (iHISffifiP r coJi^ffiB 
(Estimated value) £ , iiUl^igSV r (D^^ 

[0 0 4 9] ^tt^i5c^8. 9X\ /^VhS^r/u 
tO£iJ^-<^ h/V [y (k) , y ( k ) ] fi [ P 

r (k) , P M * (k) ] ^^60 Ui^ffliJJftfeg^jJf 
ilflJtt-^ h y (Feedback Gain Matrix) Srftft-T 

[0050] g]6t?*iss*Lfciffifi'iff$Rp« 1: tm&m 

[0 0 5 1 ] Sfc, ^^iJlJT^i, 

# (n&msjU^te&<vm^ 10, 11 (om r> xh 

[0 0 5 2] 

[Sio] 

x(k+i>=0wX(k)+r wU (k) 

[0 0 5 3] 

mi 1] 



(7) 



WM¥7 - 1 9 2 4 1 2 



11 



12 



X(k) 



-['-] 



[0054] fc^ci ox\ w es t nm^vft^T^m 



&?f£ (Resolution) £ig 3 /c£>iCl % 1^— = — 

[0 0 5 6] 









)■ 7 y ^ il S£ 




a S fi> 


& m. n m 


& fl fci ft 


& m s ra 


* i a* *8 K M 




t 


X 


L Vest J 


L Vest J 


- r Pest_ i 

X= Vest 
L West J 






WPES 


PES (A, B/<-xM 


#j tQ 


u=K, [V«l -Vest 3 




u = -K r Pcst -KvVest 
-West 




X (k + 1) -OX (k) + Tu <k> +L 5 [y (k) -7 Ck) ] 


X (k+ 1) =0„ X (k) u Ck) +Lt t7 (k) -7 (k) ] 



[0057] sxr. m7Rx*m8<oyu yfffif&mizx 
[0058] ^so»sa:^t-j*:^b*tm 

tfft&fc^Jt* (Gain) ttSy»*S»Ki«l^^*L 

d:, TfScoiSc^l 2) -i^l 5<DmVXfoZ> 0 
[0 0 5 9] te^RtflBISUr- K 
[0 0 6 0] 

[fU 2 ] K = Ki 40 

[0 0 6 1 ] 

[»13] 

- ia 

[0 0 6 2] F7 7^B||^ K 
[0 0 6 3] 

[»14] K= CKp Kv ] 
[0 0 6 4] 



[fl5] 

Lt - 0 

[0 0 6 5] ^_h<7)i^l SiC^o^T. K, 

LCO^ h y Mm-±. 2 7k^^s^hMm&M (Da 
mping Coefficient) RTf±>y h !J ^^^^%itbfc 
^^PCD/^— suyis — 7^ Is V (Pole-Placement) ^7&£r 
flJ/HLT#at>5 0 

[0 0 6 6] <£>#]-?(*, a^—K*J»»iSl*g^f^± 

[0 0 6 7] #*E~ KS'JS.ft<^ h7^^fiiP r cof^ 

[0 0 6 8] 
[*2] 



(8) 
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13 



14 



* - K 


& B * & 




81 m & & 


t» * 




1 


? U - 3 - K 


iB 8 




I 6 


MPE S 




PES 


10 2 4 


PES 



[0 0 6 9] t^-e- KT*»ftE« (|Pr-Pf I ) 
#1 6 h7s/^Krtl:45t, ^^^S^s^tT^ 10 

[0 0 7 0] m 9 S:#fig ITli^- KMifcHS 

h ? hcofrlScQ— CTSrlftKi" So Kir 

1 h^y^rtKfSPE J: 5 1 6^J^5>»tg (Contro 
1 resolution) Sr^T"f*S ^1 i: >5 Q 
[0 0 7 1 ] Sft— ^ K# 'N* h^2/^<0**T^7 

(off- track) $ntCJtt^ffittt^5i 20 

f£5£U BSSteStf* 'N+3' byy?<Dt%lzfcmm 

<n^y vcommmmm bvyp t^ztK h7>^^ 

y b(DltWt LTfcfc, (3F7^xi6 by 
b) + a£&5 0 'N' h75/^T*CM(Dfi 

SJ1P E St^JzoT*^^^ by yflB'ife^ — Kir 
*5i/^T, 1 Vyy9\% by v *P>L>\z+ 5 1 2 — 

- 5 1 1 p e s do 2 4&mm) "Cfmsnsc 

?55o"C. 1 h7S/^rtt^7>^s/ MiPESSr64 

,SWPES^2 5 6Ttofl a 112 5 6/6 4 = 4 30 

tft-t"-^^^ y KcOf£gte4 8+4 = 5 
[0 0 7 2] KT^ia«fti» m 2 <D|g 2 MM 

EBB) iil6h7^/^xi6h7 5/ F=2 5 6 lz 

1&J£W) , K (fflP^^iSc) , &t>*L (*^«««) 40 

v^(Dmm^m\±nmbyy^m<D\ 6 1-9 

[0 0 7 3] &«ig;Rfej2&co»* 1 6 <0#c$c a 

[0 0 7 4] 
[f 16] 



(V : B«»&, 



V = K X a 



K : J^^J^m) 



50 



[0 0 7 5] Z<DWC&.1 6ir*3t^T, Kf* V CMtfXSnjg 
^^e— K-Ca^flSSr^rix^no. 8Xt>*0. 8 5 tr^ij 
Xteby y?X\ M^—^X^by^^-ybX^ 

[0 0 7 6] mblESfcfi, ^*cd^5/ K^i&«SHSr6 

iO^t^ (Operating point) (C^tf TUB'Hfc L7t 0 

[0 0 7 7] 
[«17] 

KpAc - Kitmp.K m 'Karm 

[0 0 7 8] ^ com^l 7 teigggv-^^A (continuous 
system) "C^^^^^^ ^SfgicD ^ ^ U— 3 >-B# 

[0 0 7 9] ±^b^:[lI4-ll]8co^^O ? !()^ 
SftPJS:#fiSLT, [HI 0— Ell StD&Mff^v—^V — 

[0 0 8 0] -^-f ^ n/ntyt4 0 1 VCMiElb 
S4 1 5Jt£W— F7W4 2 7^^fty«3- KJb 

1) o t<om, $ ay p xn±y^4 o 1 (i^^^^fE 
®3Sa^fflh^Fir^E* (Parking Zone) irffih LT 
feS — y b^mm-tZ) Ur ? /7 P 9 0 3) 0 

[0081] ^(Dt^, — «:<73/M!HDDtrfi, K 
a*??I*Jhtf5 5 tt<7?-vy KB* (Stick) t^^Pp^^ 
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